1. Introduction {#sec1}
===============

Infection and inflammation affect lipid metabolism. In this process, inflammation and lipid synthesis are linked and modulated by a shared liver X receptor (LXR)-mediated signaling cascade that provides cholesterol to functional immune cells, as demonstrated by the ability of infections to alter serum lipid profiles \[[@bib1], [@bib2]\]. The low-density lipoprotein (LDL) receptor (LDLR), which mediates the uptake of LDL cholesterol (LDL-C) by hepatocytes, is an essential regulator of plasma cholesterol levels. Intercellular cholesterol controls the expression of LDLR at the transcriptional level via the sterol regulatory element-binding protein (SREBP) [@bib3] and at the post-transcriptional level by inducible degrader of LDLR (IDOL)-dependent ubiquitination of the LDLR, which is mediated via LXRs [@bib4].

Pro-protein convertase subtilisin/kexin type 9 (PCSK9) is a secreted serine protease that degrades LDLR in the liver and thus regulates serum LDL-C levels \[[@bib5], [@bib6], [@bib7], [@bib8]\]. Therefore, PCSK9 acts as a post-transcriptional regulator of LDLR and has been identified as a major determinant of plasma LDL-C levels \[[@bib5], [@bib9]\]. Human genetic studies of PCSK9 have validated this critical function by identifying gain-of-function mutations associated with elevated serum LDL-C levels and premature coronary heart disease (CHD), as well as loss-of-function mutations associated with low plasma LDL-C levels and a reduced CHD incidence over a 15-year follow-up \[[@bib6], [@bib7]\].

Previous case-control and community studies reported significantly elevated serum PCSK9 concentrations in patients with periodontitis, compared with healthy subjects \[[@bib10], [@bib11]\]. These findings suggest that the chronic bacterial infections or chronic inflammation associated with periodontitis can influence the circulating levels of PCSK9. In a mouse model study of peritoneal infection with the representative periodontal bacterium *Porphyromonas gingivalis*, PCSK9 production simultaneously increased with the upregulated expression of *Srebf2* in the liver, leading to an increase in the serum concentration of LDL-C [@bib12]. Despite these findings, the mechanism by which serum PCSK9 levels increase in periodontitis patients, as well as the precise means by which PCSK9 expression is induced in response to inflammation *in vitro*, remains unclear. In the literature, inflammatory stimuli such as lipopolysaccharide and zymosan, which are respective ligands for Toll-like receptor (TLR) 4 and TLR2, reduced the hepatic expression of LDLR protein while concomitantly increasing hepatic PCSK9 mRNA expression [@bib13]. Additionally, one study reported that recombinant tumor necrosis factor (TNF)-α protein could induce PCSK9 production in HepG2 cells in a suppressor of cytokine signaling 3-dependent manner [@bib14]. In other words, a TLR-mediated innate immune response can induce PCSK9 expression in the liver in the context of a bacterial infection. However, the effects of other TLR-mediated inflammatory stimuli on the induction of PCSK9 expression have been partially elucidated. Herein, we report a newly discovered effect of nucleic acid antigen recognition, namely, the promotion of PCSK9 production. Additionally, we report findings that contradict a previous report regarding the role of TNF-α in PCSK9 production, as clarified in a *P. gingivalis* infection model based on *Unc93b1*-deficient mice.

2. Materials and methods {#sec2}
========================

2.1. Reagents {#sec2.1}
-------------

Poly (I:C) and CpG-DNA were purchased from InvivoGen (San Diego, CA, USA), and resiquimod (R848) was obtained from Sigma-Aldrich (St. Louis, MO, USA). Recombinant human TNF-α (Sigma-Aldrich) was used for *in vitro* experiments.

2.2. Mice {#sec2.2}
---------

We obtained 6- to 8-week-old male C57BL/6 mice from Japan SLC, Inc. (Shizuoka, Japan). *Unc93b1*-mutant mice (*3d*) deficient in the TLR3, TLR7, and TLR9 pathways preventing recognition of nucleic acid antigens such as Poly (I:C), R848, and CpG-DNA were generated as previously described \[[@bib15], [@bib16]\]. All experiments were performed using 8-week-old mice in accordance with the Regulations and Guidelines on the Scientific and Ethical Care and Use of Laboratory Animals of the Science Council of Japan as enforced on June 1st, 2006, and were approved by the Institutional Animal Care and Use Committee at Niigata University (permit number 27-282-1, SA00325, SA00198). The mice were kept in an animal room under specific-pathogen-free conditions with 55 ± 10% relative humidity and a 12/12 h light/dark cycle at 22 ± 1 °C. They were housed in groups of 2--3 in a sterilized cage and were fed regular chow and sterile water. Experiments were initiated at 8-week-old.

2.3. Bacterial cultures and infection {#sec2.3}
-------------------------------------

*P. gingivalis* strain W83 was cultured in modified Gifu anaerobic medium broth (Nissui, Tokyo, Japan) in an anaerobic jar (Becton Dickinson Microbiology System, Cockeysville, MD, USA) and in the presence of an AnaeroPack^TM^ (Mitsubishi Gas Chemical Co. Inc., Tokyo, Japan) at 37 °C for 48 h. Bacterial suspensions were prepared in phosphate-buffered saline (PBS) without Mg^2+^/Ca^2+^ using established growth curves and spectrophotometric analysis. The number of colony-forming units (CFU) was standardized by measuring the optical density at 600 nm. For the *in vivo* experiment, each mouse received a single intraperitoneal inoculum of *P. gingivalis* (10^9^ CFU), Poly (I:C) (100 μg; InvivoGen), R848 (100 μg; Sigma-Aldrich), or CpG-DNA (ODN1668; 100 μg; InvivoGen). All treatments were administered in 0.5 mL sterile PBS. Control mice were inoculated with PBS alone. The mice were euthanized 16 h after infection and analyzed.

2.4. Cell preparation and culture {#sec2.4}
---------------------------------

The hepatic cell line, HepG2 was obtained from the Riken BioResource Center (Tsukuba, Japan) and maintained in Dulbecco\'s modified Eagle\'s medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin (Invitrogen). Twenty-four hours prior to stimulation, the medium was switched to DMEM supplemented with 10% lipoprotein deficient serum (\#S5394-50ML, Sigma-Aldrich) to avoid unexpected influences of lipoprotein in serum. The monocytic cell line THP-1 was maintained in 25 mM HEPES-buffered RPMI 1640 (Sigma-Aldrich) supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin. Forty-eight hours prior to stimulation, THP-1 was incubated with 200 nM phorbol myristate acetate (PMA) to induce differentiation into macrophage-like cells. All cell cultures were incubated at 37 °C in an atmosphere of 5% CO2 in air. For the monoculture experiments, HepG2 cells were cultured in a 24-well culture plate (TPP, Trasadingen, Switzerland) at a concentration of 2 × 10^5^ cells/mL in medium supplemented with lipoprotein free serum for 24 h, then the cells were treated with the indicated stimulants for 6 h. For the co-culture experiments, THP-1 cells and HepG2 cells were cultured individually in separated plates before beginning co-cultures. THP-1 monocytes were seeded into upper compartment (Transwell® inserts; membrane pore size: 0.4 μm; \#3450; Corning, Corning, NY, USA) and differentiated to macrophage-like cells by treatment with PMA. HepG2 cells were seeded and cultured in the lower compartment at a density of 2 × 10^5^ cells/mL. The medium was switched to DMEM supplemented with lipoprotein free serum 24 h before beginning co-cultures. The co-culture was started by transferring the THP-1-seeded upper compartment into HepG2-seeded lower compartment. THP-1 cells were stimulated by adding the *P. gingivalis* (MOI: 100) in co-culture system. Twenty-four hours after co-culturing, the mRNA expression profiles of HepG2 cells were analyzed.

2.5. Real-time PCR {#sec2.5}
------------------

Total RNA was isolated from cells and liver tissues using TRI Reagent® (Molecular Research Center, Inc., Cincinnati, OH, USA). Subsequently, cDNA was synthesized using a Transcriptor Universal cDNA Master (Roche Molecular Systems, Inc., Pleasanton, CA, USA). The following TaqMan Probes® for real-time PCR were purchased from Applied Biosystems (Foster City, CA, USA): Hs00545399_m1 (human *PCSK9*), Hs00181192_m1 (human *LDLR*), Mm00443258_m1 (mouse *Tnfα*), Mm00656927_g1 (mouse *Saa-1*), Mm04207507_gH (mouse *Ifnα*), and Mm00439552_s1 (mouse *Ifnβ*). Quantitative PCR was performed using a FastStart Essential DNA Green Master and LightCycler® 480 (Roche Molecular Systems, Inc.). The relative expression levels of each mRNA were normalized to that of GAPDH mRNA using the delta-delta Ct method.

2.6. Transfection with siRNA {#sec2.6}
----------------------------

The HepG2 cells were transfected in suspension using the SF Cell Line 4D-Nucleofector™ X kit (Lonza, Basel, Switzerland) and Amaxa™ 4D-Nucleofector™ X Unit (Lonza) following the manufacturer\'s instructions. Briefly, 2 × 10^5^ cells/mL cells were resuspended in 100 μl Nucleofector™ SF solution containing 100 nM TNFRI siRNA (Applied biosystems; \#s14266) and transferred to a Nucleocuvette to be transfected using the EH-100 program. After 24 h transfection, the medium was replaced with fresh medium for the experiment. Specific silencing of TNFRI was confirmed by real-time PCR.

2.7. Enzyme-linked immunosorbent assay {#sec2.7}
--------------------------------------

The levels of serum PCSK9 were measured using commercially available enzyme-linked immunosorbent assay kits (R & D Systems, Minneapolis, MN, USA). Serum samples were collected from mice prior to euthanasia. Serum cholesterol profiles were analyzed by Skylight Biotech Inc. (Akita, Japan).

2.8. Statistical analysis {#sec2.8}
-------------------------

All experiments were independently repeated at least twice on separate days. All data are expressed as means ± standard errors of the means (SEM). The Mann--Whitney *U-*test and analysis of variance were used to determine the statistical significance of differences between experimental animal groups and in multiple-group comparisons, respectively. The unpaired *t*-test was used to compare two unpaired *in vitro* experimental groups. GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA) was used to conduct the statistical analyses. A *p-*value of \<0.05 was considered statistically significant; these differences are indicated in the text by asterisks (\*, *P* \< 0.05, \*\*, *P* \< 0.01).

3. Results {#sec3}
==========

3.1. Induction of serum PCSK9 by *P*. *gingivalis* infection and selective use of nucleic acid sensing pathway, through TLR7 and TLR9 but not TLR3 {#sec3.1}
--------------------------------------------------------------------------------------------------------------------------------------------------

First, this study evaluated the antigenicity of nucleic acid antigens of *P. gingivalis* and the abilities of these antigens to induce PCSK9 expression. Accordingly, serum PCSK9 concentrations were evaluated in wild-type (WT) and *3d* mice after peritoneal infection with live *P. gingivalis*. Although *P. gingivalis* infection triggered increased serum levels of PCSK9 in both WT and *3d* mice (*P* \< 0.01, respectively), this increase was significantly abrogated in the *3d* mice compared with the WT mice (*P* \< 0.01); in other words, nucleic acid antigen recognition enhances the production of PCSK9 in the context of bacterial infection ([Fig. 1](#fig1){ref-type="fig"}A).Fig. 1(A) Serum PCSK9 concentrations in wild-type (WT) and *3d* mice after *Porphyromonas gingivalis* infection. *N* = 5 mice per group. Results are expressed as means ± SEM. \*\*, *P* \< 0.01. (B) Serum PCSK9 concentrations in WT mice after the administration of nucleic acid antigens (Poly (I:C), R848, and CpG-DNA). *N* = 5 mice per group. Results are expressed as means ± SEM. \*, *P* \< 0.05.Fig. 1

Next, the representative antigens Poly (I:C), R848, and CpG-DNA, which are respectively recognized by TLR3, TLR7, and TLR9, were peritoneally administrated to the WT mice to identify the TLR pathway responsible for enhancing the production of PCSK9. R848 and CpG-DNA, which mimic bacterial DNA antigens, enhanced the serum levels of PCSK9 (*P* \< 0.05 and *P* \< 0.01, respectively). However, Poly (I:C) had no effect on PCSK9 levels. In summary, PCSK9 production is induced via TLR7 and TLR9 signaling pathways in a myeloid differentiation primary response 88 (MyD88)-dependent manner, but not by TLR3 ([Fig. 1](#fig1){ref-type="fig"}B).

3.2. Elevated expression of genes associated with the acute phase inflammatory response and LDL-C {#sec3.2}
-------------------------------------------------------------------------------------------------

Serum PCSK9 levels are known to increase during the acute phases of inflammatory responses [@bib12]. Quantitative PCR was, therefore, used to evaluate the hepatic expression of the genes encoding SAA, and TNF-α was analyzed in the context of elevated serum PCSK9 levels. Herein, SAA-1 and TNF-α mRNA expression were induced in the WT mice by *P. gingivalis* and the TLR ligands Poly (I:C), R848, and CpG-DNA (*P* \< 0.05 and *P* \< 0.01, respectively; [Fig. 2](#fig2){ref-type="fig"}A and B). Remarkably, despite the inability of Poly (I:C) to induce PCSK9 expression ([Fig. 1](#fig1){ref-type="fig"}B), treatment with this TLR ligand led to increased SAA-1 and TNF-α mRNA expression, suggesting that TNF-α is not a direct inducer of PCSK9 in contrast to a previous report [@bib14].Fig. 2Expression levels of genes encoding inflammatory mediators (relative to *Gapdh*) in the livers of wild-type mice: (A) *Saa1*, (B) *Tnfα*, (C) *Ifnα*, and (D) *Ifnβ*. *N* = 5 mice per group. Results are expressed as means ± SEM. \*, *P* \< 0.05; \*\*, *P* \< 0.01.Fig. 2

In the liver, the expression of IFN-α and IFN-β mRNA increased in response to Poly (I:C), R848, and CpG-DNA administration (*P* \< 0.01, respectively; [Fig. 2](#fig2){ref-type="fig"}C and D). By contrast, *P. gingivalis* was not sufficiently potent to induce INF-α and INF-β mRNA expression in the liver, suggesting that the induction of PCSK9 in this model does not depend on Type I interferons. During the same experimental time course, significantly higher serum levels of total cholesterol (TC) and LDL-C were observed in the *P. gingivalis*-infected mice, compared with the sham-infected mice, concordant with our previous study findings ([Fig. 3](#fig3){ref-type="fig"}A and B). Notably, treatment with Poly (I:C) enhanced the level of serum LDL-C, despite having no effect on the serum PCSK9 level as shown in [Fig. 1](#fig1){ref-type="fig"}B. This also suggests that inflammatory cytokines are not direct inducers of PCSK9. No effect of treatment with antigens was observed on high-density lipoprotein cholesterol (HDL-C), and only *P. gingivalis* enhanced the level of triglycerides ([Fig. 3](#fig3){ref-type="fig"}C and D).Fig. 3Changes in serum lipid levels following the administration of *P. gingivalis* and nucleic acid antigens: (A) total cholesterol (TC), (B) low-density lipoprotein cholesterol (LDL-C), (C) high-density lipoprotein cholesterol (HDL-C), and (D) triglycerides (TG). *N* = 5 mice per group. Results are expressed as means ± SEM. \*, *P* \< 0.05; \*\*, *P* \< 0.01. Analysis of serum cholesterol levels.: Correlations between the serum lipids and serum PCSK9 level or hepatic TNF-α gene expression in wild-type mice. (E) LDL-C versus PCSK9, (F) HDL-C levels versus PCSK9, (G) TC versus PCSK9, (H) LDL-C versus *Tnfα*, (I) HDL-C versus *Tnfα*, and (J) TC versus *Tnfα.* The ratio of each LDL-C fraction level to the total: (K) large (φ28.6 nm), (L) medium (φ25.5 nm), (M) small (φ23.0 nm), or (N) very small (φ16.7--20.7 nm). *N* = 5 mice per group. Results are expressed as means ± SEM. \*, *P* \< 0.05; \*\*, *P* \< 0.01.Fig. 3

3.3. Correlations between serum lipid and PCSK9 levels {#sec3.3}
------------------------------------------------------

As shown in [Fig. 3](#fig3){ref-type="fig"}E and H, the serum LDL cholesterol concentration correlated with the serum PCSK9 concentration and hepatic TNF-α mRNA expression, even in the absence of a direct induction of PCSK9 production (e.g., peritoneal administration of Poly (I:C), suggesting that LDL-C levels are indirectly regulated by PCSK9 under inflammatory conditions. By contrast, the serum levels of TC and HDL-C were not correlated with the serum levels of PCSK9 or TNF-α ([Fig. 3](#fig3){ref-type="fig"}F, G, I and J). In a fractional analysis of LDL-C, the production of large and medium LDL-C increased in response to the administration of *P. gingivalis* or nucleic acid antigens. Simultaneously, decrease of small and very small LDL-C, more atherogenic subclasses, was observed in *P. gingivalis* and Poly (I:C) treatment. In other words, the inflammatory response increased LDL-C levels but did not specifically exacerbate the profile of LDL-C subclass ([Fig. 3](#fig3){ref-type="fig"}K, L, M and N).

3.4. Indirect induction of PCSK9 by *P. gingivalis* infection or TNF-α {#sec3.4}
----------------------------------------------------------------------

As the liver is a major source of circulating PCSK9, the ability of *P. gingivalis* to promote PCSK9 and LDLR gene expression *in vitro* was analyzed in the hepatic cell line HepG2. Unexpectedly, gene expressions of PCSK9 and LDLR were not directly promoted by *P. gingivalis* ([Fig. 4](#fig4){ref-type="fig"}A and B). Under the condition of incubation with recombinant TNF-α, the expression of *PCSK9* was not significantly promoted but that of *LDLR* was significantly promoted in dose-dependent manner ([Fig. 4](#fig4){ref-type="fig"}C and D). Additionally, the co-culture of HepG2 with *P. gingivalis*-stimulated THP-1 in a Transwell® system enhanced the expression of *LDLR* but not of *PCSK9* ([Fig. 4](#fig4){ref-type="fig"}E and F). In the same experiment, knockdown of *TNFRI* by specific siRNA transfection suppressed the gene expression of LDLR ([Fig. 4](#fig4){ref-type="fig"}G). These observations suggest that neither *P. gingivalis* infection nor the subsequent production of TNF-α directly induces PCSK9 expression. However, TNF-α, and potentially other soluble components produced by THP-1, modulate *LDLR* expression, which may further affect lipid homeostasis and thus regulate PCSK9 expression.Fig. 4Expression of *PCSK9* and *LDLR* relative to *GAPDH* in HepG2 cells. The cells were directly stimulated with *Porphyromonas gingivalis* (A and B) or recombinant TNF-α at the indicated concentration (C and D). The cells were co-cultured with macrophage-like differentiated THP-1 cells and then stimulated with *P. gingivalis* (MOI: 100) (E and F). The cells are transfected with *TNFRI* specific siRNA and then co-cultured with THP-1 cells (G). *N* = 3 wells per group. Results are expressed as means ± SEM. \*, *P* \< 0.05; \*\*, *P* \< 0.01.Fig. 4

4. Discussion {#sec4}
=============

In this study, we identified a unique role of inflammation in the induction of PCSK9 expression in an *Unc93b1* mutant mouse model, *3d*, which exhibits deficiencies in the ability to sense nucleic acid antigens via the TLR3, TLR7, and TLR9 pathways \[[@bib15], [@bib16]\]. To the best of our knowledge, this is the first report to demonstrate that nucleic acid antigen recognition can enhance serum PCSK9 expression in the context of bacterial infection.

Infection and inflammation have been shown to affect multiple aspects of lipid and lipoprotein metabolism [@bib1]. Our previous study showed that peritoneal *P. gingivalis* infection led to increased serum PCSK9 levels and concomitantly decreased expression of *Ldlr* and *Srebp2* in the liver [@bib12]. Therefore, one might expect that the defective nucleic acid antigen sensing characteristic of the *3d* mouse model would lead to reduced serum levels of PCSK9, as a loss of TLR9 signaling in response to bacterial DNA should reduce the downstream transcription of inflammatory cytokines such as TNF-α \[[@bib17], [@bib18]\]. Indeed, peritoneal injection of CpG-DNA promoted the elevation of serum PCSK9 in WT mice. On the contrary, one critical observation of this study was that the administration of Poly (I:C) failed to increase serum PCSK9 levels, despite the concurrent induction of *Saa1* and *Tnfα* expression.

In contrast to previous studies \[[@bib14], [@bib19]\], our findings revealed that neither TNF-α nor the TRIF-dependent signaling pathway was a direct inducer of PCSK9. *P. gingivalis* administration was not sufficiently potent to induce the expression of *Ifnα* and *Ifnβ* in the liver concurrently with the enhanced expression of PCSK9, indicating that Type I interferons do not induce PCSK9.

Furthermore, we observed significant increases in serum LDL-C levels following the administration of nucleic acid antigens or *P. gingivalis*. The finding that Poly (I:C) enhanced LDL-C but not PSCK9 levels indicated that the former might initially be regulated in a PCSK9-independent manner in an inflammatory response. We additionally analyzed the LDL-C particle diameters to determine whether *P. gingivalis* affected this parameter. Etiologically, *P. gingivalis* infection may be linked to the development of atherosclerosis, as suggested by a previous finding that an increased small LDL-C concentration may enhance the risk of Cardiovascular disease (CVD) in humans [@bib20]. However, we observed that the administration of *P. gingivalis* or nucleic acid antigens similarly had no effect on small and very small LDL-C levels, suggesting that the bacterial infection did not particularly promote atherogenesis by altering the LDL-C profile.

In our *in vitro* analysis of HepG2 cells, TNF-α promoted LDLR but not PCSK9 mRNA expression under normal and lipid-depleted conditions, in contrast to that observed in a previous report [@bib14]. Our analysis, therefore, suggests that inflammatory cytokines are also unlikely to be direct regulators of PCSK9 production *in vivo*. In other words, the transcription of *LDLR* is independent of the change in serum PCSK9 levels in response to infection. As the transcription of both *PCSK9* and *LDLR* is regulated by SREBPs \[[@bib21], [@bib22]\], a feedback-regulated cholesterol synthesis mechanism may enhance the production of PCSK9 via an increase in LDLR expression [@bib22].

We note that our finding that *PCSK9* expression did not increase in HepG2 cells in response to inflammatory stimuli differed from previous findings \[[@bib14], [@bib19]\]; this discrepancy might be due to differences in characteristics between laboratories or unknown technical issues affecting the experimental conditions. This topic should be explored in future studies. We also note that several investigations reported an association between periodontitis and atherosclerotic vascular disease \[[@bib23], [@bib24], [@bib25], [@bib26], [@bib27], [@bib28]\], and studies have attributed this relationship to changes in the lipid profiles of patients with periodontitis, which manifest as reduced HDL-C and increased LDL-C levels \[[@bib29], [@bib30], [@bib31]\]. However, the mechanisms underlying the elevation of LDL-C levels in patients with periodontitis have not yet been clearly elucidated. As PCSK9 regulates serum LDL-C levels and is thus critical to the development of atherogenesis and the incidence of CVD \[[@bib5], [@bib6], [@bib7], [@bib8]\], the elevated serum PCSK9 levels detected in patients with periodontitis may play a key role in the relationship between periodontitis and CVD. Burdens such as *P. gingivalis* infection may promote elevated levels of PCSK9 in patients with periodontitis, as shown in this study and the previous literature [@bib12]. However, the present study was limited by the discrepancy between periodontitis in human patients and an animal model comprising mice infected via intraperitoneal inoculation. Another limitation of the study is based on the observation *in vitro* models using cultured macrophage derived from THP-1 cell line for the source of inflammatory molecules in innate response which mimic Kupffer cells in liver. Therefore, future studies should investigate how gingival infection contributes to the elevation of serum PCSK9 levels in humans.
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